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,^ . Abstract: Dynamics of D3-branes in models of warped D3-D7 inflationary set up is studied 

where perturbative a' correction to the Kahler potential and the nonperturbative corrections 

S^ \ to the superpotential are included. It is shown that a dS minimum can be obtained without 

f~-. ' introducing anti-branes. Some specific configurations of D7-branes embedding were studied. 

^^ After stabilizing the angular directions, it is shown that the resulting D3-D7 potential of 

^SJ ■ the radial position of the D3-brane is too steep to allow slow-roll inflation. Depending on 

f~^ ■ D7-branes embedding and the stabilized angular directions, the mobile D3-brane can move 

^^ , either towards the tip of the throat or towards the D7-branes. 
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1. Introduction 

Obtaining metastable de Sitter vacua and inflation within type IIB string theory has been 
a major focal point of string cosmology in recent years. Compactifications making use of 
warped throats |l], |^] have provided a self-consistent starting point, but the simplest versions 
lead to AdS rather than Minkowski or dS minima. The introduction of anti-D3 branes into 
the throat can uplift the AdS minimum 0], and can allow for brane-antibrane inflation H. 

However the antibranes explicitly break supersymmetry, while the low-energy description 
of the Kahler moduli and inflaton field is in the language of supergravity. This tension has 



motivated the search for other uphfting mechanisms which are not exphcitly SUSY-breaking, 
notably magnetic fluxes on the D7-branes, leading to D-term uplifting [^. Other examples 
include ref. ^, in which it is pointed out that the back reaction of D7-branes leads to a 
correction of the dilaton background that can give uplifting in the presence of D3 branes. 

The present work is motivated by the possible interplay between the mechanism of up- 
lifting and the naturalness of brane-antibrane inflation P, M in the warped throat( for an 
extensive review on brane inflation see P] and references therein). These two issues are re- 
lated through the infamous 77 problem B: because the D3-brane modulus (which is also the 
inflaton) (p enters into the Kahler potential K through the combination R = 2a{l — ccjP' /M^) 
(where a is the Kahler modulus and c ~ 1) and all terms in the inflaton potential go like 
1/EP with p being a positive power, the inflaton mass is naturally of order V/M^ = H^, and 
so the inflationary r] parameter is 0(1)- The inflaton mass can be made small only by finely- 
tuned competing contributions, notably the (p dependent corrections to the nonperturbative 
superpotential [|, |lOHl|, |l2|, |l|, |l| . 



As in [Q] , we assume that all complex structures are stabilized by turning a variety of back- 
ground fluxes. The resulting classical superpotential is independent of the Kahler modulus 
leading to a no-scale potential where the Kahler modulus remains completely undetermined. 
The no-scale property of the potential can be broken either via non-perturbative corrections 
to the superpotential as employed in B, or via perturbative a' correction into the Kahler 



potential as demonstrated in |15|. In 1 15 1 it is shown that the leading corrections are in 
the form oi K = — 21n(i?^'^ + ^) where ^ represents the a'^ correction to the Kahler poten- 
tial. Uplifting using this a' correction into the Kahler potential was discussed previously in 
[]lq , 0, [1^. We also find that in our D3-D7 setup uplifting can be achieved from the inter- 
play of leading perturbative a' correction and non-perturbative superpotential corrections, 
without any antibrane. Since the higher order a' correction into the Kahler potential are not 
known, we work in a large volume limit where only the leading perturbative a' correction 
into the Kahler potential are trusted. Also we work in the limit where the constant term in 
the superpotential Wq to be much larger than in the KKLT H proposal, which is a virtue 
since the KKLT value is unnaturally small. 



Having obtained a dS vacuum, we add the D3-brane into the setup. As in |13], we take 
into account the D3-brane corrections into the non-perturbative superpotential. This results 
in a potential for the mobile D3 brane in the throat. To study its suitability for inflation, we 
must minimize the potential with respect to the angular directions in the throat for a given 
radial position r, resulting in the effective single-fleld inflaton potential (since (p (x r). We 
perform this minimization for two characteristic embeddings of the D7 branes in the throat, 
the Ouyang and Kuperstein embeddings jl^, ^] . In neither case can V{4>) be made flat 
enough to give inflation. The problem can be traced to the requirement of large Wq. The 
nonperturbative superpotential corrections, which were tuned to cancel the contributions to 
r] coming from Wq in |14], cannot be made sufficiently large to enable this cancellation when 
\Wq\ ~ 1. 

We begin in section |2| with the 4D supergravity effective action describing the Kahler 



modulus and D3 brane modulus, including the effect of ol corrections in the Kahler potential. 
Here we give a detailed realization of the uplifting due to such corrections. In section ^ 
we review the description of the geometry of the conifold to introduce the angular degrees 
of freedom of the D3-brane in the throat. These angles are minimized at different values, 
depending on the embedding of the D7 branes and the radial position of the D3 in the throat. 
In section HI we determine these angular minima for two representative D7 embeddings which 
have been discussed in previous literature. For each case we show that the potential for the 
radial modulus of the D3-brane cannot be tuned to be flat enough for inflation. In the final 
section |5|, we argue that this is a generic feature of large volume compactifications. 

2. The low energy 4D supergravity 

We start with the 4D effective supergravity for the dynamics of two light fields: T, describing 
the volume modulus and z* denoting the position in the extra dimensions of the D3 brane. 
We suppose the dynamics of these fields to be governed by gaugino condensation on the D7 
brane, in the usual KKLT fashion, including the back-reaction of the D3 brane as computed 
by Baumann et. al. ||n 



2.1 General definitions 

The Kahler potential, K^ and superpotential, W ^ defining the low-energy 4D supergravity 
are given by jl^] 

W = Wo + A{z) exp[-6r] . (2.1) 

where T = a + ir is the complex Kahler modulus, r is the axion-dilaton field and a is the 
volume modulus. More specifically, o"^' ^ measures the size of the CY compactification 

- ~ % • (2.2) 

Here RcY represents the average radius of the CY compactification. To trust low energy 
supergravity formalism, we require cr 3> 1. We take a ~ O(IOO) in our discussions below. 
Also 

R = T + T-jk{z,z) = 2a-jk{z,z). (2.3) 

Here k{z,^) denotes the Kahler potential for the CY geometry with the Kahler metric 
kj^j = didjk{z,z) and z'^,i = 1,2,3 represent the position of the mobile D3-brane inside 
CY compactification. Also A{z) = AQ[F{z)]^'"^ where the holomorphic condition F{z) = 
defines the position of the stack of n D7 branes in this geometry. The exponential term in 
W represents the non-perturbative correction to the superpotential coming from the gaugino 
condensation on coincident D7-branes and b = 27r/n. Finally, 7 is related to the tension of 



the D3-brane and is given by 



7 = -^ (2.4) 



where T^ ~ m^ is the tension of the D3-brane. 

The F-term potential is computed from K and W using the standard formula 



Vp = e^ 



e^ 



K''^DaWDhW-3\W\'^ 

{K^^K-aKb - 3)|VF|2 + K^^WaWi, + K^''WWaKh + K^^WWbKa , (2.5) 



where DaW = Wa + KaW and i^"^ denotes the inverse, K"-^Ki)c = 6"'c, of the Kahler metric 
on moduli space, K^c = dbdcK. 

2.2 Evaluation of the potential 

We now explicitly evaluate the derivatives appearing in the above definitions, using the given 
functions K, W. The superpotential derivatives become 

Wt = -bAexp{-bT) , Wi = Ai exp{-bT) , (2.6) 

where the superscript i represents the partial derivative with respect to z* the position of 
the mobile D3-brane. It is useful to define ^ = ^i?~'^" and R = i?(l + ^) where the Kahler 
potential is now given by 

K = -2ln{R^/'^R). (2.7) 

In this notation, the quantity ^ measures the strength of a' correction to the Kahler potential. 
The consistency of our perturbation requires that ^ <C 1. 
The Kahler derivatives are given by 

KT = -i, K. = ^, (2.8) 

R R 

where here and below ki = dik and /q = 9jA;. 
The Kahler derivatives of W evaluate to 

DtW = -^ - Aexp(-6T) (h + i 
R \ R 

DiW = x h ^exp(-&r) — - H — 

The Kahler metric is given by 



3 / 1 -7% 

'"^ ~ RR\-7ki 7 Rki-j + 7^ kikj 



Kal = ^ .. .^. !... > (2-9) 



where 



r^'J^±SIr. 



(2 - 



After some algebra, the inverse metric is 



(2.10) 



^^,^RR + jk^Jq k^ 

7-1 fc5* 



k^ 



(2.11) 



where /c*-' is the inverse of /q^ with k^-'k^j 



6j and A:* 



k-jk^' 



Calculating the F-term potential from ( |2.5D , one obtains 
1 



Vf 



3RR 



l^pe-2'''^ ( {R + -fk'h)b'^ + 665)+ 36W^o-(^e-''^ + c.c.) 
\ R I R 



-be 



-2ba/ 
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{Ak'Ai + c.c.) + j-^e-^'^'k'^AiAj + —{R-R)\W 



(2.12) 



As in 1 15, 16 1 the no-scale property of the four-dimensional supergravity is broken in the 
presence of ^. This manifests itself in the last term containing \W\'^. 

We note that there are two terms in potential ( 2.12| ) containing the axion field r in the 



form of VFo(^e +c.c.). Minimizing the potential with respect to r and noting that Wq < 0, 
the stable value of axion is given by 



-ibr 



1/2 



(2.13) 



As mentioned in []lj], plugging this value of the axion field into the potential ( 2.12 ), is equiv- 
alent to replacing {Ae~^^'^ + c.c.) by 2\A\, which we consider is the case from now on. 



2.3 Uplifting 

In this section we study the uplifting and the stabilization in the absence of the mobile D3- 
brane. For uplifting in this mechanism to be achieved, we need to work in the limit where 
1 1^0 1 ~ 1 which is natural in flux compactification. This is opposite of the KKLT limit where 
1 1^0 1 <C 1 by tuning. 

An analytical understanding of the background is very helpful when we include the D3- 
brane in next section in search for getting inflation. In the absence of D3-brane, Wi = ki = 0, 
R = 2a and A = Aq. Eliminating the axion fleld as mentioned before, the F-term potential 



for a obtained from ( 2.12 ), in the convention Aq = 1, is 



Vf 



24^3(1 + e)2(2-e) 



9WU + 6^oW^oe"^" (46a(l + |) + 3^ 



+A^e-2^'" ( 86ct(3 + ha) + (3 + 4ba)'^i + S^V^^^ 



(2.14) 



As explained before, the breakdown of the no-scale symmetry manifests itself in the term 
containing Wq, corresponding to the zeroth order contribution of the superpotential to the 
potential. 

In order to get a better understanding of the uplifting and the Kahler modulus stabiliza- 
tion mechanism, here we expand the potential up to quadratic order in terms of ^ = ^/(2cr)^' ^ 

We assume that that Wq is large enough, possibly 0(10), such that terms containing e"^'"^ are 
negligible. The details of the conditions for uplifting and stabilization of the Kahler modulus 
is relegated to the Appendix ^. In the limit of small S,, we find the following approximation 
relations 

6(7 ~ 3 , \Wo\Cb^/^^6. (2.16) 

Using the relation b = 2i:/n, we find that a ~ n/2 and Wq ~ ^^^. For uplifting to work in 
this mechanism we need to start withe large enough \Wq\ as mentioned before. Also to obtain 
a large enough compactification, we should start with a large enough number of wrapped 
D7-branes. 



Here we provide some examples where potential ( 2.14 ) can be stabilized to a dS vacuum. 
For the first example, suppose Aq = 1, Wq = —8 and n = 157, corresponding to 6 = 0.04. 
Then there are dS minima for the range 104 ^ ^ ^ 109, with 60 < (Jmin ^ 68. If required, one 
can tune ^ to obtain a Minkowski vacuum. One also finds that ^ < 0.08 so one may consider 
the eff'ect of a' corrections perturbatively. To get a larger value of Kahler modulus, one can 
increase the number of D7-branes, as mentioned above. Choosing b = 0.02, corresponding to 
n = 314 and with Aq = 1 and Wq = —8 as above, the dS vacua exist for 292 < ^ < 311, 
corresponding to 120 < Umin ^ 145. Like before, ^ < 0.08. A plot of the potential for ^ = 300 
is given in Fig |l[ We also note that the approximate relations given in Eq. ( 2.16| ) are satisfied 
to a reasonable accuracy in these two examples. 

3. The conifold 

We work in the background where the ten-dimensional metric is in the form of warped geom- 
etry 

ds2 = /i(r)-i/2 ds^ + h{ry/^dsl , (3.1) 

where h{r) is the warp factor. 

To incorporate the position of D3-brane in the potential, we need to know k{z,'z), the 
Kahler potential of the CY space. For applications to the throat we specialize to the conifold 
defined by 

4 

Y,^l = (3.2) 

rra=l 




Figure 1: In this figure, Vp versus a is plotted for Aq — l,Wo = —8,n = 314 with ^ = 300. The 
vertical line is in units of 10~*. 

where {^mj w- = Ij 2, 3, 4} are complex coordinates. The metric of the cone can also be written 
as 



dsg = dr + r ds^n 



(3.3) 



where ds'^n is the metric of the base, T^^, which is a five-dimensional Einstein manifold given 
by 



dSrpll 



- d^ + ^ COS 0fe d^fc +qY1 (^^fc + "^"^ ^'^'^'^fc 

y fc=i,2 J fe=i 



(3.4) 



where 6*^ G [0,7r],(/>i G [0,27r] and ip £ [0,47r] . 

The metric of the cone is given by the Kahler potential 



\m=l 



2/3 



(3.5) 



Eq. ( |3.2| ) describes a singular cone. To remove the singularity at r = 0, as in Klebanov- 
Strassler (KS) ffl, one can work with the deformed conifold where the sum in Eq. ( |3.2| ) is 
equal to e^ . Here e^ is a parameter of dimension length to the power of 3 which measures the 
deformation of the cone at the tip and its value is given by the value of warp factor at the 
tip. In this work, we assume that the D3-brane is located far away from the tip such that 



our analysis is not sensitive to the details of the deformation. Furthermore, for simplicity we 
also assume that the infra-red geometry of the cone is cut-off at r = tq. 

In the construction of KS, the warp factor is produced by the background F3 and H3 fluxes 
turned on inside different three-cycles present inside the cone. To a good approximation, one 
can take the warp geometry in the form of 



where R measures the curvature radius of the AdS geometry given by 

27 



i?^ 



-irgsNa 



/2 



(3.6) 



(3.7) 



Here A^ = MK is the background flux with K and M being the numbers of -^3 and F^ fluxes 
respectively. Furthermore, the value of warp factor at the tip, r = r^, denoted by ho, is given 
by 



h(] 



h-'/\ 



ro) 



ro 
R 



-2TrK/3gsM 



(3.8) 



We are interested in the radial motion of the mobile D3-brane inside the throat. In the 
absence of interaction between D3 and D7-branes, the D3-brane moves freely in the AdS- 
type background above. However, once the interaction between D3 and D7-branes are taken 
into account, D3-brane will not be free anymore. We would like to study the motion of 
the D3-brane once the perturbative Kahler corrections and nonperturbative correction to 
superpotential are included. This problem was previously studied in [0, 14, 21, p^. 



|23| where 

the background is in the limit of KKLT where \Wq\ ^ 1 by tuning and the perturbative 
corrections to Kahler potential is neglected, i.e. ^ = 0. 

In Q the motion of D3-brane in Ouyang embedding [p!9| ] was studied. In |14| this was 
generalized to other embeddings such as Kuperstein embedding ||2^. In this work we formu- 
late the potential for the D3-brane for generic embeddings and specialize to the above two 
embeddings. 

From the Kahler potential of the cone given as in Eq. (|3.5|), one obtains 



kfj 



2 
3^ 



^ij + 



ZjZ 



i^] 



\za\ 



1 

3^3 



^i^j ~r ZjZ'i 



£4 
' Zi 



£4 
f _ 
Zi 



(3.9) 



where i = 1,2,3 and we eliminated 24 in terms of zi,Z2 and 23 using the definition of cone 
Eq. (3.2). For the inverse metric, denoted by kV ., we obtain 



(2) 



3r 
T 



b'^ ^ 



ZiZj 

2^ 



(3.10) 



Alternatively, one can work with the u;-coordinate which is defined by the following linear 
relation to the z-coordinate 



Wi W2 

W3 104 




z\ + izi zi - iz2 
Z3 + izi -Z3 + iz4 



(3.11) 



For a review of the construction of the cone in z and w coordinates see Appendix ^. 
The Kahler metric in w-coordinate is now given by 






ri'-n^ 1 - I |2 

f « 7 - 1 /- '"^4 t ^^^4 o _ _ 1^4 o I- _ N /o -.^N 

'^i? + 1 UW],Ws - —^{WiWj H CiWkWj + -^C.WsWi + -^ r^rC-.CiWsWk) ,3.12) 

■^ I'Wsl^ 3r-^ '(i'3 W3 F'sl 



where the non-zero components of the matrix c*- given as in [14| are C2 = cf = 1 and c^ = —1 



Calculating the inverse metric, denoted by k^ ■., one obtains 



'^(w) - 2 



3^ ^^j + 



WiWj 4c'j Wi'Wji 



(3.13) 



One can also check that the following relations hold which would be helpful later on in 
calculating the potential 

k' = k-kji^ = ^z' , k'k, = k = r\ (3.14) 

with a similar relations also for tf-coordinate. 



4. D3-D7 Brane Inflation Dynamics 

In this section we calculate the potential between D3 and D7 branes in the throat and see 
whether or not a period of slow-roll inflation can be achieved( for an update on D3-D7 inflation 
[P4|], see [^5|). The D3-D7 potential is a function of the radial as well as the azimuthal positions 
of the D3-brane. After finding the stable angular directions of the mobile brane, the potential 
is studied as a function of the radial position of the D3-brane which plays the role of the 
inflation field. 

To calculate the F-term potential we need to specify the form of the holomorphic func- 
tion F{z), determining the embedding of the stack of D7-branes in this configuration. As 
explained before, we shall specialize to Kuperstein and Ouyang embeddings which define two 
characteristic classes of embeddings. 

4.1 Ouyang Embedding 

The Ouyang embedding is defined in the zw-coordinate via 

F(^) = l-^ 

^J' 



1 _ (^)3/2 gf (V-0i-<^2) gi^ ^ Sin ^ . (4.1) 



Vm 2 2 



Here /x is a parameter of dimension length to the power of 3/2. One can define the length 
parameter r^ via r^ = fj?'^. Schematically, r^ represent the distance of the D7-brane from the 



throat. Using the embedding Eq. (4J), the contribution of the D3-brane to the superpotential 
is 






(4.2) 



Including the contribution of the D3-brane into superpotential, the F-term potential 
calculated from Eq. ( 2.12| ) is now given by 



Vf 



jrl/n 

3RR 



ai + 02 2 



Wl + 'Wl\ I 



A* 



J^-^ + a3.F-i/2n ^ aik}}r~^ 



+ 



«5 

2,RR 



(4.3) 



where 



.F^|Fp=fl-^^l±^ + ^ 



/^ 



/^^ 



(4.4) 



and a,- are defined via 



ai = l^lol'e-^^" ( {R + 7r')62 + Qbi + ^{R- R) - - 



R R^ 



36 



r, - ^^ ^-2ba\ A |2 



2n 



R 



as = eVFo^oe"'" U^ + — (i? - i?) 

a, = ^-ie-2^'^(^)2 
/in 



_9_ 

^2 



«5 = — (i2-i?)i^o^ 



(4.5) 



Note that due to the particular form of embedding given by Eq. ( 4.201) , only the (11) com^ 



ponent of the inverse metric k^ ^ shows up in the F-term potential with 



V) - 2 r+ 2r3 



\W2\ 



— (7 — 3 cos 01 — 3 cos 02 — cos 9i cos 62) 
16 



(4.6) 



The details of the stability analysis is relegated to Appendix [Q. Here we summarize 
the important results. Possible stable solutions are given by 



(a) -.61 = 92 = 



(Jj) : ip = 2rmr, 9i = 82 = n 



(4.7) 



where ip = ip 



62 and m is an integer subject to — 47r < ip < Att. 
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4.1.1 Stability of case (a) 

In case (a) we note that ^l^ is a flat direction and the potential is independent of ip. Also 
wi = 0,\w2\ = I which gives F = J^ = 1. In order for the solution to be stable, the following 
approximate inequality should be met 

IGvr^^^i Vo e^^'" r cos^ ^^72 < 1 • 



On the other hand, using the relations (| 



(4.8) 
and taking r^ < RcY, one has 

' 1 (4.9) 

Using this and noting that 6(7 ~ 3 as in Eq. (p.l6 ), then Eq. (|4.8|) is satisfied if 



and (I 

^4 



irf,<{RcYm,rj^Rt;Y 



— cos'' -0 < 10" 
r,. 



Wn 



(4.10) 



The consistency of our picture requires that r > tq, where rg is the IR cut-off of the throat. 
Assuming that r^ is comparable to the AdS scale of the throat, R, then in order for Eq. 
( [4.10| ) to be satisfied we need that, ho, the warp factor at the tip of the throat, to be as small 
as 10~^Wq . Otherwise, one has to tune cos'(^/2 sufficiently close to 0. 

Having stabilized the angular directions, we can now look at the behavior of the potential 
as a function of r. Because F = .F = 1, as in |^, we see that the contribution of the mobile 
D3-brane to the superpotential vanishes and A = Aq. This is subsequently labeled as "delta- 
flat" solution in |14]. Here "delta" represents the change into Vp due to contribution from 
D3-brane into superpotential. 

One may ask whether or not a period of slow-roll inflation is supported while the brane 
is moving towards the tip. With J^ = 1, we obtain 



Vf 



1 



-(ai + 2a2 + a3 + 05) ~ Vq 



1,72 

1 H r 



a 



1 + 



5a5 



4(ai + as + 05) 



(4.11) 



3RR 

where Vq represents the value of potential in the absence of D3-brane, corresponding to setting 
r = 0. To calculate the slow-roll parameter r], first we find the normalized field, (/>, given by 



(4.12) 

where the brane kinetic energy has the standard form —df^(j)d^(j)/2. Calculating ij one obtains 
that 



a 

37 



V,rr 



V 



505 



2 

3 6(ai + as + 05) 



(4.13) 



Interestingly enough, the first term containing the factor of 2/3 is similar to the result of 
[§]. The second term containing 05 is due to ^ corrections to the Kahler potential where the 
no-scale property of the four-dimensional susy is broken. On the other hand, 05 > and 



11 





Figure 2: In this figure, VF(iii units of 10~^) is plotted as a function of r for Ao = 1, Wq — —8, n — 314 
with ^ — 300, 7 = 10""^ and r^ = 2.9 in Ouyang embedding. The left figure is for case (a) where 
the D3-brane is attracted towards the tip while the right figure is for case (b) where the D3-brane is 
attracted towards the stack of D7-branes. 



oi + 03 + as ~ —02 with 02 <C as in our background. This indicates that r] > 1 and it is not 
possible to obtain slow-roll inflation in this embedding without fine-tuning. 

The figure on the left hand side of Fig. (|2|) represents Vp for case (a). We see that as 
in [P], the D3-brane is attracted towards the tip of the throat. This is also easily seen from 
Eq. (PH) . 

4.1.2 Stability of case (b) 

In order for case (b) to be a stable solution, we require that cosV'/2 = —1 and ip = 2tt. This 
corresponds to wi = — r^'^. Furthermore, the position of the D3-brane should satisfy the 
condition re < r < r^ where re is approximately given by 



(87r7/x VFoe 



b(7\ 



(4.14) 



For, ro < r < re the solution is unstable. 

In this example we see that the contribution of D3-brane to the superpotential does not 
vanish, corresponding to -F = 1 + (r/r^)'^''^, so we find a specific "non-delta flat" solution in 
Ouyang embedding. In the work of [H] this solution was not a stable solution. However, in 
our case here, the stability of the solution is due to the additional term containing a^. With 
I Wo I ~ 1) the term containing as dominates over other terms and plays the key role in making 
case (b) to be a stable solution. 

To calculate r], we note that 



Vf ^ -^ (ai + a3.Fi/2" + as) 



(4.15) 
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Calculating ry one obtains 



2 5a5 _ a as L 2r^l^\ 

Tj ~ 1 j 1 

3 6(ai + as + 05) 4n7^rV2_p2 (q,^ _^ q^ + q^) I ^ J 

^-?^V (4.16) 



Anjfir^/'^F'^ (oi + as + 05) \ /x 



Looking at the behavior of rj, one observes that the potential has an inflection point at ri- 
given approximately by 



-2/3, 



(4.17) 



where r] = 0. However, the potential does not stay nearly flat near the inflection point. As 
in case (a), the potential is too steep to allow inflation. 

One also is interested in the shape of potential and whether or not the D3-brane is moving 
towards the tip or not. In Fig(^ we have plotted the potential as a function of r where a 
is stabilized to to its background value. We see that the D3-brane is attracted towards the 
D7-brane. This can also be understood analytically. The minimum, Vmim of the potential 
( ^.15| ) is determined by 



r2 „ I 9 



( '™" )V2 1 + ( 



A^l- (4-18) 



7^, 



fj- 



To go to the second line, we used the approximate relation ba ~ 3, equivalent to o" ~ 3n/27r, 
which holds in our background. The final expression is also a consequence of Eq. ( [4.91) . In 
conclusion 



^""" > 1 . (4.19) 



TTiin 



This indicates that the minimum of the D3-position is typically outside of the throat. The 
D3-brane is moving from the IR region into the UV region and get dissolved into D7-branes. 
This may provide an explicit construction of models of IR brane inflation [^] where the D3- 
brane leaves the IR region towards the UV region of the throat. However, one may tune the 
background parameters such as n and Wq such that rmin is close to the the position of the 
D7-brane but inside the throat. In this case the D3-brane is confined between the tip of the 
throat and the D7-branes. 

4.2 Kuperstein Embedding 

The Kuperstein embedding is define by 

F = F{zi) = l-—. (4.20) 
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The F-term potential is formally the same as in the Ouyang embedding, with the replace- 
ment of wi -^ z\ and ^]L\ -^ k}\ where 



|2 



The stable solutions are 

(a) 
(b) 
(c) 



^a-T^-^)- ^'-''^ 



?i = 6*2 = 0, (/? + (/) = 2mT 
^l = 62 = 7T, <p — (f) = 2mT 
?^ = 6*2, c^ = (2n + l)7r, 0= (2m + l)7r (4.22) 



where m and n are integers and cp = (pi + (p2- 

In Apendix C we show that only solutions that lead to zi = —^—7^ are stable |l3]. This 
requires that n to be odd(even) in case (a) ((6)), while tti + n to be even in case (c). 

For all three cases, we note that F = 1 + r^''^ I\f2rj: and Yp is formally given as in Eq. 



( |4.15| ). To calculate 77, we borrow Eq. ( [4.16 ) with the replacement \i -^ v2/^ which gives 







^i^ 1 _ 1^1— . (4.23) 



As before, for parameters of physical interest, this gives too big a value of r/ to allow for 
slow-roll inflation. Furthermore, there is inflection point at 

' %n — ^ ' /i5 

but the potential does not stay flat enough around the inflection point to allow slow-roll 
inflation as is clear from the large value of r] given above. 

The shape of the potential is similar to case (b) of the Ouyang embedding; the D3-brane 
is attracted towards the D7-brane if Vmin > ffi- However, as before, one can also arrange such 
that rmin < r^ and the D3-brane is confined between the tip of the throat and the D7-branes. 

5. Conclusion and Discussions 

In this work the dynamics of D3-D7 branes in an inflationary throat was studied. In the limit 
where Wq is large and a' corrections to Kahler potential are included, it is shown that the 
dS uplifting and the moduli stabilization can be achieved without the addition of anti-D3 
branes. This has the advantage that the SUSY is not broken explicitly. 

We have treated ^, the parameter corresponding to a' correction, as a constant. In a 
more realistic treatment, the a' correction is a function of the dilaton field. We work in a 
background where the dilaton is fixed. However, in calculating the covariant derivatives of W 
and K, one should consider dilaton as an independent field and only at the end impose the 
condition that dilaton is constant. This brings corrections of order ^^ into our background 
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potential Eq. ( ^.14| ). Consequently, this will change the numerics of the uplifting slightly 
without changing the whole picture. Furthermore, this also does not affect our conclusion in 
section 4 about the stability analysis of different embeddings studied. The reason is that the 
terms containing ^ are only important in 05 and our discussions rely on the leading term in 
05 which is linear in ^. Therefore, in order to keep the analysis transparent and tractable, we 
have neglected the effects of dilaton in S,- 

In this work, we have considered the leading a' correction to Kahler potential. We work 
in the large volume limit where the higher order a' corrections, which are unknown, may 
be neglected. It would be interesting to see how higher order corrections to Kahler potential 
may affect the uplifting mechanism. However, it is expected that our stability analysis remain 
unchanged, since our analysis there rely on the linear term in ^ as explained above. 

We have looked into the shape of the inflationary potential for the radial position of 
the D3-brane once all angular directions are integrated out. The analysis were specifically 
performed for Ouyang and Kuperstein embeddings which define two characteristic classes of 
embeddings for the wrapped D7-branes. In Kuperstein embedding the D3-brane is attracted 
towards the stack of D7-branes while for Ouyang embedding it can move towards the tip 
of the throat or towards the D7-branes, depending on the stabilized angular directions. We 
have seen that the potential in both cases is too steep to allow a period of slow-roll inflation. 
This has origin in largeness of \Wo\ which is required in our uplifting mechanism. Unlike |14], 



the contributions to the potential from nonperturbative corrections to the superpotential can 
not be made large enough to cancel out the contributions from Wq. It is expected that this 
conclusion to be generic, holding for other embeddings too. It would be interesting to perform 
a systematic investigation for other embeddings to see whether or not this expectation still 
holds. 



Acknowledgments 

We thank Cliff Burgess, Jim Cline and Keshav Dasgupta for their initial contributions and 
for many discussions and comments. We Also thank X. Chen for discussions. H.F. thanks 
Banff International Research Station (BIRS) for hospitality when this work was initiated. 



A. Uplifting by a' correction 

Here we study uplifting and Kahler modulus stabilization is more details. The potential, up 
to second order in ^, is given by Eq. (2.16) 



^~ 2a2 ^ 211/2 (j9/2 256^6 
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As mentioned, we have neglected terms containing e ^'"^, which is a good approximation for 
large enough Wq. The minimum of Eq. ( |2.16| ) is given by 

' °'^ 27(1-2-1/2^63/22.-3/2) -^W l^-ij 

where we have defined ba = x. Furthermore, requiring that the potential is positive at the 
minimum, implies that 

n9/2 p-x 5/2 
3 (l - ^e63/2x-3/2J 

With some efforts, one can check that the functions / and g have maximum at Xf and 
Xg, respectively, given by 

x/~3.1-3.2| , Xg^2.5-2.3i (A.3) 



Looking at the plots of / and g, one concludes that in order to satisfy conditions (A.l) 
and (A^), one requires that Xg < x < Xf and f{xg) < |WoP?^^ ^ /(^/)i '^^ 



2.5 - 2.3i < ba < 3.1- 3.2i , 6.1 + 9.2^ < \Wo\'^Cb^^'^ < 6.5 + 13^ . (A.4) 

This leads to the following useful relations 

6fT~3 , \Wo\^b^^^ ^ 6.5 . (A.5) 



We have checked many numerical examples where the relations in Eq. ( A.5 ) are hold with 
reasonable accuracies. 



B. The Conifold 

Here we briefly summarized the representation of conifold in w and z coordinates. The 
conifold is defined by 



E ^- = (B-i) 



m=l 



with the Kahler potential 



/ 4 \ 2/3 



^r7i=l 
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The conifold in 


z-coordinate is given by 




^3/2 


\ f0i + e2\ f(pi + cp2\ , . f0i-e2\ . {4>i + 4>2\] 

cos COS + 1 COS sm 




\/2 


— COS sm + 1 cos cos 

[ V27V27 V27V2; 


r.3/2 


[ "H 2 J^°% 2 J+^"H 2 J"H 2 JJ 


r3/2 


r . f01+92\ . (<t)l-(t>2\ . . fei-92\ /01-02^ 

— sm sm — z sm cos 

[ V2;v2; V2;v2, 


)] 



.(B.3) 



Notice that r denotes proper distance up the throat, and r = corresponds to the throat's 
tip, which is singular if the conifold is not deformed. 

Upon linear transformations ( p.ll ) one goes to the u)-coordinate where now the conifold 
is given by 



^„, = r3/2e5(V'-<Ai-<A2)sin^sin^ 

2 2 

^ 3/2 ^{V+</.i+</.2)cOS^COS^ 

2 2 

^ 3/2g^{V+<Al-<A2),os^sin^ 

^ 2 2 

2 2 



(B.4) 



C. The stability analysis 

Here we study in more details the angular stability of different solutions for both Ouyang and 
Kuperstein embeddings 

C.l Ouyang embedding 

The independent angular variables are {^i} = {9i,92,ip}, where ip = ip — (pi — (p2- Further- 
more, we note that Vp as given in Eq. ( [4. 3D is a function of |wip, |w2p and wi + wi- Define 
xi = \wi\'^,X2 = |tf2p and xs = wi + wi. As argued in [|l^, finding the stable values of ^j 
independent of r requires that 



dxj 
The sets of solutions to above equations are 



(C.l) 



(a) ■.61=62 = (b) ■.'4> = 2rmr, di = 62 = n 

(c) : ^ = (2m + l)7r, 6*1 = 0, 6*2 = vr (d) : ^ = (2m + l)7r, 6*1 = vr, 6*2 = , (C.2) 

where m is an integer subject to —in < ip < 4:1t. 
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Then at the extreina given by Eq. (C.l) the mass matrix, Vij, is given by 



Below we demonstrate that only cases (a) and (b) could be stable. Define Xi = dV/dxi. 

(C.3) 



Vi 



5V 



«j 



9^,9^ 



X, 



d'^Xk 



] 



d^id^j 



The nonzero components of the mass matrix are: 

^3 



(a) 
(^) 

id) 



Vo. 



V^. 



6*2 6*2 



-Xo 



^Qid^ 



X^ COS — 

2 2 



Ve^e^ = Ve292 = "y'^i 



j,3/2 ^ 

COS —X-^ 

2 2 ^ 



•^/ii/i 



r-3/2 



V' 



-^cos-Xa 



^eiSi 



-Xi 



V, 



6»2e2 



-Xo 



K 



iV' 



^3/2 ^ 

sin — X'? 

2 2 ^ 



^eiSi - y-'^2 



^6202 = y^l 



K 



r 



3/2 



^ 



e2V 



sin —X^ 

2 2 •^ 



(C.4) 



In the cases of (c) and (d) one can check that there is a negative eigenvalue, so these 
cases are unstable, corresponding to wi = 102 = 0. The stability of the other two solutions 
depends on the sign of Xi given by 



X2 
Xi 



047- " 



2r'^RR 



Tn- 



2,iJ?RR 



-r 



3fj,RR 



n 
n 



02(1 --)(2 



n 



)J^ +--J^2" + — ^04 -04(1 )k^^ 

/i 2n 4r^ n 



+ 02 - 02(1 



n 



-)(2 



)^ i + -— ^2„ 

/u 2n 



1 



04! 



1 - -)e^-i 



n 



(C.5) 



Prom the form of Oj given in Eq. ( |4.5| ) we note that all Oj except 03 are positive. This 
implies that X2 < 0. Furthermore, jasl/n > ai/n > 02 which will be useful later. 

C.1.1 Stability of case (a) 

For case (a) we note that V' is a flat direction and the potential is independent of ip. In order 
for solution to be stable we require that X2 < and r'^X2 — X^ cos^ iIj/2 > 0. As mentioned 
above, the first condition is always satisfied. On the other hand, we have wi = 0,\w2\ = 1 
which gives k^} = and J^ = I. Calculating X3, we find 



-ag 



^3 = — + - - 1 ^2 + ^ , 

3fiRR\n n 2nJ 6n fiRR 

The stability of the solution is therefore approximately translated into 

IGir'^j^H^W^e^'"' r cos^ ^/2 < 1 . 



(C.6) 



(C.7) 
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C.1.2 Stability of case (b) 

For the stability of case (b) we require that X3 cos "0/2 < and X^cos'ili/2 + r^/'^Xi < 0. 



Furthermore 



Xz 



^-1+^ 



as 



2,^lRR 2n 



>0. 



(C.8) 



Demanding that X^costp/2 < requires that cos^/2 = — 1 and ■0 = 2it. This corresponds 
to wi = — r^'^. 

On the other hand, one can also check that 



X3CosV^/2 + r3/2Xi 



^ 



-1- 



Sfi'^RR 



|L..-v.., , '• 



3/2 



3/2^ ' 4^1/2 



+ 



04 



(C.9) 



Since 03 < 0, the above expression changes sign for sufficiently small r. In conclusion, we see 
that case (b) with ^ = 27r is stable for the range re < r < r^, while unstable for tq < r < re, 
where Vc is approximately given by the root of the term in the bracket (|C.S|) as 



rc~ (87r7/xWoe ) 



ba\-2 



(CIO) 



C.2 Kuperstein Embedding 

Here we find the stable position of the angular variables {^j} = {9i,92,ip,4'}, where (p = 
(j)i + 4'2- The potential Vp is is now a function of zi + zi and \zi\'^. As in Ouyang embedding, 
the stable values of \I'i satisfy: 



d{z, + z-,)^^^ fe^ = 



a^,- 



9*, 



(C.ll) 



The solutions are 



2mr 
■ 2mr 



(a) 
ib) 
(c) 
(d) 
(e) : 01(2) = 0, 02(1) =TT,^ = 2mT, ^ = {2m + l)7r (C.12) 

where m and n are integers. 

Below we show that only solutions that lead to zi = —^—/^ are stable |14]. The mass 
matrix is given by 



91=02 = 11, if - 

?^ = 6*2, C(5 = (2n + l)7r, (^ = (2m + l)7r 

5*1(2) = 0, 6*2(1) = TT, (/? = (2n + l)7r, (f> = 2nnr 

5*1(2) = 0, 02(1) = vr, (/5 = 2n7r, (^ = (2m + l)7r 



K:, 



dV 



d-^id-^j 



^^^ d^zi + zi) ^ Y^d'\z^\' 



d^i^j 



d-^i^j 



(C.13) 
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where 



given by 



^1 



dVp 
d{zi + zi) 



Y2 



dVp 



(C.14) 



Y, 



Y2 



T- 



SfiRR 



ai , I., zi + zi 

h a2 - 02(1 )(2 

n n fi 



1^-1 + ^^2^ - 04(1 - -)kl^J'-^ 



2n 



1 

n' 



T-r 



'iljfiRR 



a2(l )(2 ):r +--jr2n_a4(i )k^ F -04—^ 

n n IX In n 4r^ 



(C.15) 



We see that Yi is formally the same as Xi with the replacement oi w ^ z, while I2 is similar 
to Xi except with a change of sign in the term containing fjPa^. Since lasj/n > ai/n > 02 
and 03 < 0, Yi is always positive while I2 is always negative. 
The nonzero components of the mass matrix are given by 



(a) Ve,e, = Ve,e, = -{-iy 



V2r3/2 



^V-^ = ^4,4, = V,p4, 



(b) Ve,e, = Ve,e, = {-iy 



V,, 



Vss = y„s = (-1)' 



-^2^3/2 ^3 

— 2 — Yi - -jY2 , Ve^e2 = cosipVe^e^ 
^/2r3/2 



V"/" ~ ^4>4> ~ ' i>4> -^ -' 4 

(c) Ve,e,=Ve,e, = -Ve,e, = {-ir^'' 
V2r3/2 



Y,. 



^^3/2 ^3 

Vi — — Yo 

4 4 



K 



ijj'll) 



Vii 



-1 



-1 



im+n 



.m+n 



4 
^/2r3/2 



-Yi , K 



W = cos 01 F^v 



4 ^1-X^2sin2 0i 
^3 



(d) Vg-^ei = Vej^a = ^01 6*2 = ^-^2, 



•^iVi ~ "^K^ ~ ^6*21/; ~ 6'2<^ 



\n+m 



^/2 



■3/2y, . 



(e) Vg-^ei - Ve^Oi — -^ei6»2 — T"^2) 1 



^dii} ~ ^dicf) 



-V ~=v ~ = tirr^^^.y 



(C.16) 



Looking at the eigenvalues of the mass matrix, one easily finds that case (d) and (e) are 
unstable. More explicitly, one encounters the eigenvalues 



_,r 



'Y2 ± {-ir^r^Yi + ArYA 
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which indicates the existence of instabihty. 
The nonzero eigenvalues of case (a) are 



^a ^ _i^lV2^3/2y^ , Af, = -^((-iry2r3/2yi+y2r3)(l±cosV) (C.17) 



Since Yi > and I2 < 0, to get a stable solution we requires n to be odd. This corresponds 

to zi = -^ as in 0]. 

The nonzero eigenvalues of case (b) are the same as in case (a) with an overall minus sign. 

3/2 
So we see that for this case to be stable, we need n to be even corresponding to zi = —^-t^-- 

This indicates that F and k^^ are the saine as in case (a) so the potential is exactly the same 
as in case (a). 

Finally, for case (c) to be stable we require that 

(-1)"+" V2r3/2yi - r^Y2 > , Yi sin^ 61 (y2r^/^Yi - (-l)"+"r='y2) > (C.18) 

3/2 

To satisfy these conditions, we need ?7i + n to be even. This in turn implies that zi = —-^-75- 
and the potential is the same as in case (a) and (b). 
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